48 products), emerging contaminants, viruses and other pathogens (Clarke and Smith, 2011 
51
This Directive has been implemented into the national legislation of member states, most often 52 with stricter limits than that prescribed in the Directive (Kirchmann et al., 2017) .
53
Because sewage sludge has a much lower P concentration than mineral P fertilisers, large 54 amounts of sludge need to be transported to and applied on farms which may result in higher 55 costs compared with mineral P fertilisers (Mackay et al., 2017a) . Moreover, in contrast to 56 conventional P fertilisers in which P is predominantly in a soluble form readily available to 57 plants, sewage sludge contains a range of P forms with varying availability to plants (Kahiluoto 58 et al., 2015) . Phosphorus is present as a mixture of inorganic P forms including calcium (Ca) 59 phosphates and amorphous aluminium (Al)-or iron (Fe)-bound P, while organic P generally 60 represents a small fraction (Xie et al., 2011a Table 1 indicates that CS and HS had a similar I ROC and C/N ratio, while HS was slightly 242 more alkaline than CS, and had a higher C concentration. For each sludge, NAIP was the 243 predominant P form. The proportion of AP was slightly higher in HS, while the proportions of 244 WSP and OP were similar between both sludges. More importantly, the total P concentration 245 in HS was three times as high as that in CS, suggesting that the main difference between both 246 sludges is not P fraction, but total P concentration. 
Changes in labile P concentration over time

248
The effect of sludge addition on the labile P concentration (i.e. the sum of resin-P and 249 NaHCO 3 -P concentration) was strongly affected by the type of sludge applied ( Fig. 1 ). After 250 124 days, the labile P concentration in the presence of HS was greater than that of the no-P 251 control (C), but lower than the mineral control (MHS) (χ²= 9.85, df=2, p value<0.01). However, 252 after 240 days, the labile P concentration in HS was as high as that in MHS (χ²= 8.77, df=2, p 253 value<0.05). Unlike HS, labile P concentrations in the presence of CS were similar to that of C 254 (p > 0.05) and significantly lower (p < 0.05) than its mineral control (MCS) for the duration of 255 the experiment (Fig. 1 ). Despite differences in labile P concentrations among fertilisation 256 treatments, P concentrations and quantity in shoot (straw) and grain were not significantly 257 different among treatments ( Supplementary Fig. 1, 2, 3 ).
259
Phosphorus forms and microbial-P in soil
260
Among the studied forms, only HCl-P was unaffected by fertilisation treatment, while 261 only Resin-P was unaffected by time (Table 2 ). NaHCO 3 -P, NaOH-P and residual P fractions 262 were significantly affected by fertilisation treatment and also by time (Table 2) . After 307 days 263 ( Fig. 2) , HS significantly increased the NaHCO 3 -Pi fraction and decreased the residual-P 264 fraction compared with MHS and C. The NaOH-Po fraction was also significantly greater in 265 the presence of HS compared with that in the other treatments. Moreover, only HS significantly 266 increased the concentration of microbial-P in the soil (Fig. 3 ). In contrast with HS, CS had no 267 effect on P forms in soil compared with both C and its mineral control (MCS).
269
Soil pH
270
Soil pH was influenced by fertilisation treatment and time ( Table 2 ). The soil amended 271 with MHS was significantly (p < 0.05) more acidic over the entire experimental period, while 272 the pH did not differ significantly among the other treatments ( Supplementary Fig. 4 49 g kg -1 ). This increase in P availability with time suggests that sludge with 306 a high organic P concentration must be regarded as a slow-release P fertiliser. This slow-release 307 P fertiliser behaviour has also been reported by Lemming et al. (2017) . The authors showed that 308 when applying a sludge similar to HS to a soil with pH 7.8, the efficiency in terms of available 309 P relative to TSP increased from 20% to 46% after 84 days. Since many crops have high P 310 demands in the early stage of their life cycle (Fageria, 2016), for example wheat plants take up 311 50-60% of their P in the first six weeks of growth (Römer and Schilling, 1986) , there is a risk 312 that the slow release of P from HS negatively impacts early plant growth. This might, however, 313 be compensated by adding fertiliser mixtures of soluble P (e.g., TSP) and HS. In contrast with 314 HS, CS did not influence the available P concentration. Since both sludges did not differ in their 315 P fractions, it is likely that the much lower total P concentration in CS was the predominant 316 driver of the lack of increase in P availability after addition to the soil (Welch et al., 2002) . Due 317 to its low total P concentration, the potential of CS to be used as a P fertiliser is thus limited, at 318 least during the first year after its application, in such cropping systems. One possibility to 319 mobilise the sparingly available CS-derived P might be to develop cropping systems with 320 species having highly efficient P-acquisition strategy such as Lupinus albus L. 
Phosphorus forms and concentrations in sludge influence P forms in soil
334
Interactions between P forms in sludge and P forms in soil are not fully understood so far, 335 most studies focusing only on total and water-extractable P concentrations. As shown by other 336 researchers using pot experiments (Frossard et al., 1996; Meyer et al., 2018; Nanzer et al., 337 2014), our results indicate that coupling the determination of P concentration and forms in 338 sludge is, however, essential. Indeed, depending on total P concentration, P forms in sludge 339 drive P distribution in various soil pools, which, in turn, impact P availability. By contrast to 340 HS, CS had no effect on P distribution in soil pools compared with its mineral control (MCS).
341
Since CS and HS had a relatively similar P composition (OP is ca 20% while insoluble 342 AP+NAIP is ca 80% in both sludges), the lack of any effect of CS is thus most likely related to 343 its much lower total P concentration.
344
The application of HS increased the NaHCO 3 -P pool, which is considered readily 345 available to plants and is strongly related to P uptake by most crops (Saleque et al., 2004 ).
346
However, some crops with highly efficient P-acquisition strategies (e.g., white lupine, canola) can access additional P fractions (Gardner et al., 1983; Hoffland et al., 1989). These results 348 confirm the high potential of HS as a P fertiliser.
349
The application of HS also strongly increased the NaOH-P (Pi +Po) concentration. The 350 NaOH-Pi pool is considered P sorbed to Al and Fe (hydr)oxides while NaOH-Po has been found 351 to be predominantly associated with organic matter, namely fulvic and humic acids ( 363 NaOH-P is the dominant pool related to availability of P to plants in an 18-year continuously-364 cultivated and fertilised cropping system because it maintains the levels of plant-available P 365 through P mineralization. According to Crews and Brookes (2014) , the NaOH-P pool holds P 366 for years to decades before crop demand shifts the equilibrium in the soil solution and causes P 367 to be released. In addition to increasing the readily-available P pool in soil, our findings suggest 368 that the addition of HS might also supply available P in the long run. Further investigations will 369 however, be necessary to determine the contribution of the NaOH-P pool to long-term P release 370 and thus better predict the dynamics of P in sewage sludge-amended soils. soil microorganisms represent a short-term storage of easily-available P fractions in soil, and 392 store P somewhat longer in the case of restricted P access from soils. The P fraction stored in 393 soil microorganisms is not only released by death of soil microorganisms, but also by the 394 feeding behaviour of soil animals that require carbon resource to a higher extent than nutrients 395 like P and N. This phenomenon, which was first described by Clarholm (1985) for protozoa, is 396 now extended to a wider group of soil animals (protists, nematodes) and to other nutrients like 
Concluding Remarks
This study showed that the impact of sewage sludge with similar P fractions on P 447 dynamics in agroecosystem is predominantly driven by total P concentration in sludge. Our 448 findings suggest that, despite a relatively low water-soluble P concentration, the addition of 449 sewage sludge with high total P concentration and 20% of total P as organic P has a great 450 potential to improve sustainable P fertilisation, since it increased alkaline phosphatase activity 451 and microbial-P, temporarily protecting P from fixation by soil particles. The positive effect of 452 sludge with high total P concentration (and 20% as organic P) on the microbial-P pool and 453 phosphatase activity is a pivotal result to understand the effects of organic waste on 454 agroecosystem functioning, and, ultimately, to improve sustainable P fertilisation. Overall, our 455 results stress the need that sludge provider measure both P concentration and P forms in sludge 456 prior to their application in the field. Phosphorus fractions are ordered by their availability (highest for Resin-P and lowest for
Residual-P). *: P < 0.05 ; **: P < 0.01 ; ***: P < 0.001. NS: non significant; **: P < 0.01; ***: P < 0.001
